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Abstract: Despite the availability of numerous two-dimensional (2D) 
materials with structural ordering at the atomic or molecular level, 
direct construction of mesoscale-ordered superstructures within a 2D 
monolayer remains an enormous challenge. Here, we report the 
synergic manipulation of two types of assemblies in different 
dimensions to achieve 2D conducting polymer nanosheets with 
structural ordering at the mesoscale. The supramolecular 
assemblies of amphipathic perfluorinated carboxylic acids and block 
co-polymers serve as 2D interfaces and meso-inducing moieties, 
respectively, which guide the polymerization of aniline into 2D, free-
standing mesoporous conducting polymer nanosheets. Grazing-
incidence small-angle X-ray scattering combined with various 
microscopy demonstrates that the resulting mesoscale-ordered 
nanosheets have hexagonal lattice with d-spacing of about 30 nm, 
customizable pore sizes of 7–18 nm and thicknesses of 13–45 nm, 
and high surface area. Such template-directed assembly produces 
polyaniline nanosheets with enhanced π–π stacking interactions, 
thereby resulting in anisotropic and record-high electrical 
conductivity of approximately 41 S cm–1 for the pristine polyaniline 
nanosheet based film and approximately 188 S cm–1 for the 
hydrochloric acid-doped counterpart. Our moldable approach 
creates a new family of mesoscale-ordered structures as well as 
opens avenues to the programmed assembly of multifunctional 
materials. 
Two-dimensional (2D) ultrathin materials like graphene have 
attracted increasing attention in chemistry, materials science, 
nanotechnology and biology due to their fascinating optical, 
electrical and magnetic properties resulting from the reduction of 
dimensions.[1] To pave the way for the rapid development of 2D 
materials, it is essential to overcome limitations with respect to 
synthetic accessibility and structural control. As part of the 
ongoing efforts to develop new techniques, such as mechanical 
cleavage, fluid exfoliation and chemical vapor deposition, a 
series of inorganic atomic-layered materials, including transition 
metal sulfides, nitrides and oxides, have been successfully 
fabricated.[1a, 1d, 2] The explorations of surface-mediated 
synthesis on inert crystalline surfaces, liquid-air and liquid-liquid 
interfaces have led to new 2D soft organic and polymeric 
networks with periodic structures at the molecular level.[3] 
The creation of mesoscale-ordered superstructures is an alluring 
goal and represents a key step toward many potential 
applications.[4] 2D mesoscale-ordered nanosheets with 
topologically in-plane repeat units, especially composed of well-
defined, periodic, 2–50 nm mesopores/mesochannels, would 
provide materials with outstanding and exotic functions.[4d, 5] 
Although the recently well-established self-assembly techniques 
provide possibilities for producing diverse architectures, bottom-
up construction of 2D mesoscale-ordered superstructures 
remains undeveloped due to the lack of control over the 
sophisticated molecular building blocks.[3a-c, 6] 
In this study, we report the construction of 2D, free-standing 
conducting polymer nanosheets with mesoscale ordering by 
synergic manipulation of two types of assemblies in different 
dimensions. First, amphiphilic molecules of perfluorocarboxylic 
acids (PFCA) and polystyrene-b-poly(ethylene oxide) (PS-b-
PEO) diblock copolymers self-assemble into 2D free-standing 
lipid bilayers and spherical micelles in solution, respectively. 
Upon direct mixing of the above preformed self-organized 
assemblies, they co-assemble into refined hierarchical 
superstructures by monolayer close-packing of the spherical 
micelles on both interfaces of the free-standing lipid bilayers, 
which further act as co-templates to confine the growth of 
polyaniline (PANI) into ultrathin mesoscale-ordered porous 
nanosheets. Grazing-incidence small-angle X-ray scattering 
(GISAXS) combined with microscopy techniques reveals that the 
resulting mesoporous polyaniline nanosheets feature an ordered 
hexagonal structures with d-spacing of about 30 nm, controlled 
pore sizes (7–18 nm) and thicknesses (13–45 nm), as well as 
high surface area (85 m2 g–1). Such template-directed assembly 
results in a compact arrangement of PANI polymer backbones 
with enhanced π–π stacking along the in-plane directions, 
thereby providing the resulting mesoporous PANI (mPANI) 
nanosheets with anisotropic electrical conductivity. Meanwhile, 
record-high electrical conductivity of 41 S cm–1 is also achieved 
for the pristine mPANI nanosheet based films (as-made samples 
without any further treatment), which can be further increased to 
188 S cm–1 upon hydrochloric acid doping. 
Conducting polymers (such as polyaniline and polypyrrole) 
containing a conjugated π-electron backbone exhibit interesting 
optical and electrical properties and have been extensively 
utilized in energy storage systems, sensors and electronic 
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devices.[7] To achieve the bottom-up fabrication of 2D 
conducting polymer nanostructures with controlled ordering at 
the mesoscale, we first conceived a synergistic self-assembly 
route through a monolayer, close-packing arrangement of BCP 
spherical micelles on both interfaces of in-situ generated lipid 
lamellas. After systematic investigation of various self-assembly 
systems based on low-molecular-weight lipids in solution, we 
found that amphiphilic PFCA molecules with rigid hydrophobic 
fluoroalkyl chains can self-assemble to yield stable ultrathin 
bilayer structures, as schematically illustrated in Figure 1a–1. 
Cryogenic transmission electron microscopy (cryo-TEM) and 
solution-based fluid atomic force microscopy (AFM) 
measurements unambiguously confirmed their self-assembly in 
ethanol/H2O solution. A typical cryo-TEM image in Figure 1a–2 
shows that the assembly of 18-carbon PFCA molecules 
(denoted as C18-PFCA, similar for C12-PFCA and C14-PFCA) 
form transparent and thin nanosheets. A fluid AFM observation 
in tapping mode (Fig. 1a–3) revealed that the resulting 
nanosheets have smooth surfaces with a uniform thickness of 
3.8 ± 0.12 nm, suggesting a typical bilayer structure derived from 
densely stacked lipid chains of PFCA. The interior of the 
sandwiched structure is composed of hydrophobic lipid chains, 
whereas the polar heads consisting of the carboxylic acid groups 
are located at the exterior surfaces and are exposed to the 
surrounding solution.[8] Therefore, the ultrathin C18-PFCA 
nanosheets can serve as free-standing 2D interfaces, in which 
the abundant carboxylic acid groups guide the 2D self-assembly 
of other functional molecules or nanoparticles via hydrogen 
bonding. 
 
Figure 1. Manipulating molecular building blocks for cooperative self-
assembly. (a-1) Schematic formation of 2D PFCA nanosheets with bilayer 
structure derived from the densely stacked lipid chains of PFCA in an EtOH 
and H2O solvent mixture at room temperature. (a-2) The corresponding cryo-
TEM images presented the apparent nanosheet morphology of self-assembled 
PFCA molecules. (a-3) The AFM image recorded in aqueous environment 
showed that the 2D PFCA nanosheets had a uniform thickness of 3.8 ± 0.12 
nm; the vertical scale is 42 nm. (b-1 and 2) Schematic formation of spherical 
BCP micelles in a THF and H2O solvent mixture at room temperature and the 
corresponding cryo-TEM image. (c-1 and 2) Sketch model and cryo-TEM 
image of the hierarchical supramolecular co-assemblies originating from BCP 
monolayer arrangement on both surfaces of PFCA nanosheets. (Scale bars, 
100 nm). 
Meanwhile, amphiphilic PS-b-PEO diblocks can self-assemble 
into spherical micelles in a THF/H2O co-solvent system at room 
temperature.[9] Cryo-TEM revealed the formation of narrowly 
dispersed spherical micelles of PS117-b-PEO114 with an average 
diameter of the PEO cores of approximately 18 nm (Fig. 1b–2). 
After mixing of C18-PFCA and PS117-b-PEO114 micelle solutions, 
hierarchical supramolecular co-assembly occurred, generating 
monolayer close-packed micelle arrays of BCP on both sides of 
the PFCA lamellas (Fig. 1c–2). The driving force of this co-
assembly process is considered to be hydrogen bonding 
between the PEO coronae of the micelles and carboxylic acid 
groups (–COOH) of PFCA, which promotes the effective 
adsorption and secondary self-assembly of BCP micelles on the 
PFCA lamella surfaces. This process was verified by the fluid 
AFM, which displayed the close packing of spherical BCP 
micelles on the PFCA nanosheets with a uniform thickness of 
approximately 45 nm (Supplementary Fig. 3), close to twice the 
diameter of PS117-b-PEO114 micelles, which supports the finding 
of monolayer self-assembly of BCP micelles on both sides of the 
PFCA nanosheets. 
The aforementioned 2D hierarchical co-assemblies can confine 
the polymerization of aniline monomers into mesoscale-ordered 
conducting polymer nanosheets. Therefore, aniline and 
ammonium persulfate were added at room temperature (see the 
experimental section), triggering the formation of polymeric 
networks around the PEO domains of the tightly packed BCP 
micelles (Fig. a-1). The self-assembled PFCA nanosheets here 
ensure the formation of 2D, free-standing architecture, whereas 
the spherical BCP micelles serve as pore-introducing moieties to 
establish a mesoscale porous structure. After removal of the 
BCP and PFCA templates by extraction with THF and ethanol, 
2D conducting polymer nanosheets with mesoscale ordering 
were obtained (Fig. a-2). Fourier-transform infrared (FT-IR) 
spectroscopy clearly confirmed the complete removal of the 
block copolymers and PFCA lipids, evidenced by the 
disappearance of the characteristic signals of PS-b-PEO and the 
C–F vibrations of PFCA (Supplementary Fig. 4). Figure 2 shows 
the structural characterization of the mPANI nanosheets 
synthesized from PS117-b-PEO114 and C18-PFCA (mPANI-1, 2 
and 3 correspond to PS49-b-PEO114, PS117-b-PEO114 and PS146-
b-PEO114, respectively). The scanning electron micrograph 
(SEM, Fig. 2b) reveals that the mPANI-2 nanosheets derived 
from PS117-b-PEO114 and C18-PFCA possess regular arrays of 
pores with a uniform size of approximately 15 nm. Interestingly, 
the AFM image in Figure 2c indicates that the mPANI-2 
nanosheets have a flat surface with a thickness of about 15 nm, 
which is the same size as the core diameter of the PS117-b-
PEO114 micelles. This result suggests that the template removal 
resulted in exfoliation of the sandwich-structured 
mPANI/template/mPANI, generating monolayer mPANI 
nanosheets (as illustrated in Fig. 2a-2). 
The TEM examination (Fig. 2d) confirms the well-ordered, 
hexagonally mesoporous structure of the mPANI-2 nanosheets 
with a uniform pore size. The corresponding fast Fourier 
transform (FFT) exhibits a hexagonal pattern, indicative of lateral 
ordering, with a domain size greater than 600 nm in the 
mesoporous mPANI nanosheets. GISAXS was further employed 
to determine the periodic mesostructures of the mPANI 
nanosheets (Fig. 2e), showing a diffraction on the equator with 
d-spacing of about 30 nm, indexed to the 100 reflection of 2D 
hexagonal structure with a lattice parameter ahex = 34.7 nm. This 





result agrees well with the TEM and FFT examinations of the 
ordered structure of the mPANI nanosheets at the mesoscale 
level. 
 
Figure 2. Formation of 2D mesoscale-ordered conducting polymer 
nanosheets. (a-1) Polymerization of aniline monomers (dark green) directed 
by the hierarchical supramolecular co-assemblies of spherical BCP micelles 
(red and blue) and PFCA nanosheet (light green) templates. (a-2) Formation 
of 2D mesoscale-ordered conducting polymer monolayers after the removal of 
the BCP and PFCA templates. (b) SEM image of the mPANI-2 nanosheets. (c) 
AFM image of mPANI-2 nanosheets (Vertical scale is 44 nm). (d) The TEM 
image and fast Fourier transform (FFT, inset) show the ordered 2D 
mesostructured of a mPANI-2 nanosheet with a hexagonal lattice. (e) Radial 
scan along the equator of the GISAXS results confirms the ordered structure 
of mPANI-2 nanosheets. (Scale bars, 100 nm). 
Benefiting from the controllability of the BCP and PFCA 
templates, the mesostructures of the mPANI polymer 
nanosheets can be readily controlled with various pore sizes and 
thicknesses by simply varying the PS block lengths. Figure 3a 
and Supplementary Table 1 show that the pore size of mPANI-1 
decreased to approximately 7 nm with a thickness of 
approximately 13 nm, when using the PS49-b-PEO114 with a 
shorter PS block as the template. In contrast, with the PS block 
length increased to 146, the pore size of mPANI-3 nanosheets 
increases to approximately 18 nm and the thickness reaches 
approximately 27 nm (Fig. 3b). In addition to controlling the pore 
size and thickness, the PS block length plays a crucial role in 
governing the Brunauer-Emmett-Teller (BET) surface area and 
pore volume of the mesoporous nanosheets. The N2 sorption 
isotherms of the mPANI nanosheets exhibit a type IV curve with 
an H2-type hysteresis loop (Supplementary Fig. 5 and Table 1). 
The specific surface area and pore volume of the mPANI-2 
nanosheets are 85 m2 g−1 and 0.2 cm3 g−1, respectively, which 
exceed those of the previously reported PANI materials 
(Supplementary Table 2). Moreover, the specific surface area of 
the mPANI-2 nanosheets is larger than that of the mPANI-1 
nanosheets (25 m2 g−1) because a longer PS block results in 
larger pores and completely perforated channels in the 
nanosheets, leading to enhanced specific surface area of the 
mPANI nanosheets. Nevertheless, the oversized pores in the 
case of mPANI-3 nanosheets result in a decreased specific 
surface area (33 m2 g−1). 
The TEM images of the mPANI-1 and mPANI-3 nanosheets 
reveal their well-defined, hexagonally mesoporous structures 
with uniform pore sizes (Fig. 3). The inset 2D FFT of the 
hexagonal pattern indicates lateral mesoscale ordering within 
the mPANI-1 nanosheets (Fig. 3a). Additionally, the 2D FFT of 
the mPANI-3 nanosheets displays several sets of hexagonal 
patterns, indicating a relatively lower regularity of mPANI-3. The 
GISAXS images of the mPANI-1 and mPANI-3 nanosheets 
show no diffractions on the equator, indicating that they lack 
long-range mesoscale ordering within the nanosheet structures 
(Supplementary Fig. 6). 
On the other hand, by choosing PFCA templates with variable 
hydrophobic chain lengths, we can further control the 
morphology of the mPANI nanosheets from large, 13-nm-thick 
monolayers to 45-nm-thick, ribbon-like double layers 
(Supplementary Fig. 7). The TEM study shows that both of the 
mPANI nanosheets obtained by using C12-PFCA and C14-PFCA 
templates have mesoporous, ribbon-like structures 
(Supplementary Fig. 7). In contrast to the C14-PFCA or C18-
PFCA templates, which yield monolayer features, the TEM 
characterization of the mPANI nanosheets derived from C12-
PFCA and PS117-b-PEO114 templates shows a double-layer 
stacking structure, which hold a thickness of approximately 45 
nm, according to AFM measurements. We hypothesize that C14-
PFCA or C18-PFCA with longer hydrophobic chains, lead to 
larger spaces between two PANI layers and a weaker 
connection between polymeric backbones in the sandwich 
structure, thereby facilitating detachment into monolayers (Fig. 
2a-2). 
 
Figure 3. Structure control of the free-standing mesoporous conducting 
polymer nanosheets. (a-1, 2) TEM images, fast Fourier transform (FFT, inset) 
and (a-3) AFM of mPANI nanosheets synthesized with PS49-b-PEO117 and C18-
PFCA. (b–1, 2) TEM images, FFT (inset) and (b–3) AFM of mPANI 
nanosheets synthesized with PS146-b-PEO117 and C18-PFCA. Scale bar for 
TEM, 100 nm; vertical scale for AFM, 61 nm (a–3) and 103 nm (b–3). 
Considering the strong confinement effect of the hydrogen 
bonding and electrostatic interactions between the aniline 
monomers and BCP/PFCA templates, the compact arrangement 
of the resulting linear PANI backbone in the nanosheet 
structures strongly affects the electrical conductivity of PANI.[10] 
Thus, we used X–ray diffraction (XRD) to investigate the 
polymeric backbone arrangement within the mPANI nanosheets. 
For comparison, we synthesized PANI samples under the same 
conditions but without using a template. The resulting sample 
contained only irregular PANI nanoparticles (denoted as PANI-





blank, Supplementary Fig. 8). Two peaks centered at 
approximately 2θ = 20o and 25o, corresponding to a d-spacing of 
4.4 and 3.6 Å, respectively, were observed in the XRD patterns 
of the PANI-blank samples (Fig. 4a). These two peaks are 
generally ascribed to periodicity parallel and perpendicular to the 
polymer backbone.[11] Notably, the latter peak of the mPANI 
nanosheets shows an apparent shift to the higher diffraction 
angle (2θ = 30.4o, corresponding to a d-spacing of 3.0 Å) along 
with higher relative intensity (Fig. 4a). This result suggests that 
mPANI nanosheets have stronger π–π stacking interactions in 












PANI-blank film 12 – – 
mPANI-2 as-made film 41 3.3 x 10–7 4.6 x 10–3 
mPANI-2 film (1 M HCl) 116 5.9 x 10–7 4.7 x 10–2 
mPANI-2 film (2 M HCl) 188 1.3 x 10–6 1.3 
Note: (a) The film samples were prepared from the corresponding mPANI-2 
nanosheets by filtration (see method in the experiment). (b) As obtained by 
measurement of the single mPANI-2 nanosheet. 
 
Figure 4. Conductivity of the 2D mesoscale-ordered conducting polymer 
nanosheets. (a) XRD patterns of the PANI control sample (PANI-blank) and 
as-made mPANI-2 nanosheets. (b) Scheme of the densely stacked benzene 
rings in the compact mPANI polymeric linear backbones. The red arrows 
indicate that the in-plane electron interactions are easier than those of the 
vertical direction, thereby contributing the majority of the electrical conductivity 
of the mPANI nanosheets. 
A standard four-point-probe measurement on the filtrated films 
of the mPANI-2 nanosheets was subsequently performed. As 
shown in Table 1, the approximately 7.96 µm-thick mPANI-2 
films prepared by the filtration of the mPANI-2 nanosheets 
(Supplementary Fig. 8) exhibited an exceptionally high electrical 
conductivity of 41 S cm–1, which is the highest reported value for 
pristine PANI conducting polymers (Supplementary Table 3).[10b, 
12] Additionally, the lower electrical conductivity of the PANI-
blank films (12 S cm–1, Table 1) also highlights that the 2D 
mPANI nanosheets with stronger π–π stacking interactions in 
the polyaniline backbone are essential for the enhanced electron 
transport behavior.32  
Moreover, the unique 2D architecture provides the mPANI 
nanosheets with anisotropic conductivity along the in- and out-
of-plane directions. We further evaluated the vertical conductivity 
of the as-prepared mPANI-2 films (see method in the 
Supplementary experiment). The results show that the vertical 
conductivity of the mPANI-2 films is approximately 3.3 x 10–7 S 
cm–1 at room temperature (Table 1), which is much lower than 
the electrical conductivity (41 S cm–1) of the film measured by 
the four-point-probe method. To avoid the interference of the 
barrier resistance of the mPANI layers in the films, we also used 
current-sensing AFM (CS-AFM) to test the vertical conductivity 
of a single mPANI-2 nanosheet. The CS-AFM analysis reveals a 
vertical conductivity of approximately 4.6 x 10–3 S cm–1 for the 
mPANI-2 monolayer. These results indicate that mPANI 
nanosheets have anisotropic electrical conductivity with 
superiority along the in-plane direction (Fig. 4 b). 
 The mPANI-2 films were further doped with 1 mol L–1 
hydrochloric acid (HCl), and the electrical conductivity of the 
mPANI-2 films reached 116 S cm–1 and further increased to 188 
S cm–1 when doped with 2 mol L–1 HCl. Similarly, both the single 
mPANI-2 nanosheet and the film samples showed improved 
vertical conductivity after HCl doping (Table 1). The remarkable 
increase in electrical conductivity of the doped mPANI 
nanosheets can be ascribed to additionally generated electronic 
states and charge defects induced by protonic acid doping.[13] 
In summary, by manipulating two types of typical micellar 
assemblies of BCP and PFCA in different dimensions, we 
successfully demonstrated an unprecedented and elegant 
approach for producing 2D free-standing mesoscale-ordered 
conducting polymer nanosheets via simple solution-based 
controlled supramolecular self-assembly. The resulting 2D 
ultrathin mesoporous conducting polymer materials are 
characterized by ordered hexagonal pore arrays, tunable 
morphologies and pore sizes, and large specific surface area. 
This unique template-directed polymerization of PANI around 
BCP micelles produces densely π–π stacked linear polymer 
backbone, thereby endowing the mPANI nanosheets with 
anisotropic and record-high electrical conductivity. The self-
assembly fabrication of ordered mesoporous conducting 
polymers still remains a great challenge up to date, although the 
first mesoporous materials was discovered over more than two 
decades ago. Hence, by successful incorporation of mesoscale 
ordering into conducting polymer nanosheets, we provided here 
new insights into multicomponent co-assembly systems that 
resulted in a new member to the mesoporous material as well as 
2D material family. The conducting polymer nanosheets 
produced by solution-based approach also open 
new opportunities for the development of low-cost processing 
techniques towards flexible electronics, sensors and energy 
devices. 
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By synergistically manipulating 
amphiphilic molecule self-assembly of 
perfluorocarboxylic acids and 
polystyrene-b-poly(ethylene oxide) 
diblock copolymers in different 
dimensions, we successfully achieved 
2D ultrathin conducting polymer 
nanosheets, featuring mesoscale-
ordered hexagonal pore arrays, 
tunable morphologies and pore sizes, 
large specific surface area as well as 
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